Abstract: The Parkinson's protein alpha-synuclein binds to synaptic vesicles in vivo and adopts a highly extended helical conformation when binding to lipid vesicles in vitro. High-resolution structural analysis of alpha-synuclein bound to small lipid or detergent micelles revealed two helices connected by a non-helical linker, but corresponding studies of the vesicle-bound extended-helix state are hampered by the size and heterogeneity of the protein-vesicle complex. Here we employ fluorinated alcohols (FAs) to induce a highly helical aggregation-resistant state of alpha-synuclein in solution that resembles the vesicle-bound extended-helix state but is amenable to characterization using high-resolution solution-state NMR. Analysis of chemical shift, NOE, coupling constant, PRE and relaxation measurements shows that the lipid-binding domain of alpha-synuclein in FA solutions indeed adopts a single continuous helix and that the ends of this helix do not come into detectable proximity to each other. The helix is well ordered in the center, but features an increase in fast internal motions suggestive of helix fraying approaching the termini. The central region of the helix exhibits slower time scale motions that likely result from flexing of the highly anisotropic structure. Importantly, weak or missing short-and intermediate-range NOEs in the region corresponding to the non-helical linker of micelle-bound alpha-synuclein indicate that the helical structure in this region of the protein is intrinsically unstable. This suggests that conversion of alphasynuclein from the extended-helix to the broken-helix state represents a functionally relevant structural transition.
Introduction
Alpha-synuclein (aS) is a small highly conserved vertebrate protein with presynaptic localization that is linked to Parkinson's disease (PD) by genetics and pathology. aS binds to membranes such as axonal transport vesicles, 1 lipid rafts, 2 lipid droplets, 3 and outer membranes of Saccharomyces cerevisiae. 4 In vitro studies have shown that aS binds to negatively charged small unilamellar vesicles (SUVs) and detergent micelles. [5] [6] [7] [8] [9] [10] [11] The N-terminal lipid-binding domain of aS is composed of residues 1-102 11 and contains seven imperfect 11 residue repeats ( Figure  1 ). When associated with SUVs or micelles, this domain undergoes conformational changes from a highly disordered state [11] [12] [13] [14] to highly helical structure that nevertheless lacks any stable tertiary interactions. In contrast, the highly acidic Cterminal region remains largely unbound and unstructured in the presence of micelles or vesicles. [5] [6] [7] [8] [9] 11, 15, 16 NMR and ESR studies of aS associated with negatively charged micelles revealed the formation of two long helices spanning residues V3-V37 and K45-T92, connected by a non-helical linker that interacts with the membrane surface. 6, 7, 9, 16 In contrast, upon binding to SUVs, a long single helix is formed, as indicated by ESR and FRET measurements of spin-labeled or fluorescently labeled aS associated with SUVs. [17] [18] [19] [20] Interestingly, the association of aS with SUVs in vitro 10, 21 and with membranes in vivo 22, 23 appears to be weak, whereas association with micelles, 11, 24 or with vesicles still attached to synaptosomal membranes 25 is tight. This has lead us to propose a model in which the extended-helix state of vesicle-bound aS serves as a precursor to a more tightly bound state in which the broken-helix conformation enables the protein to bridge between two closely apposed membranes. For example, we posit that aS could bridge between the vesicle and plasma membranes of a docked synaptic vesicle. 17, 26, 27 The idea that aS may be able to bridge different membranes has been supported in other recent studies as well. 28 While the broken helix state of aS has been elucidated in great detail using NMR spectroscopy of the micelle-bound protein, the extended-helix state has defied direct observation via NMR because of severe resonance broadening, 11, 21, 29 even in the context of small lipid bilayer constructs such as nanodiscs. 30 Here we take advantage of the fact that fluorinated alcohols (FAs) such as trifluoroethanol (TFE) and hexafluoroisopropanol (HFIP) can be used to investigate the effects of apolar environments on the conformations of proteins and peptides. High concentrations of FAs have been shown to induce helical conformations preferentially in protein regions with an intrinsic helical tendency. Although the mechanisms by which FAs induce helical conformations remain controversial, these effects have been partly explained by the stabilization of exposed hydrophobic residues by a hydrophobic microenvironment provided by FA hydrophobic clusters in water/alcohol mixture. [31] [32] [33] Interestingly, low concentrations of FAs have been shown to enhance the formation of b-sheet rich aggregates or fibrils by aS, as well as other amyloidogenic proteins such as the Alzheimer's protein tau, 34 whereas higher concentrations are protective against aggregation. [35] [36] [37] [38] These effects are similar to those observed when aS is in the presence of low concentrations (enhanced aggregation) or of high concentrations (protection from aggregation) of lipid membranes, 27 supporting the idea that FAs may faithfully recapitulate the effects of lipid membranes on the conformations and behavior of aS. Based on this observation, and because the membrane-bound extended-helix state of aS has proven recalcitrant to high resolution characterization, either by NMR or other methods, we set out here to characterize the structural and dynamical properties of aS at high concentrations of FAs and to compare them with those observed for the micelle-bound broken helix state of the protein to provide a deeper understanding of the helical conformations that aS samples when exposed to hydrophobic environments.
Results
The lipid-binding domain of aS adopts highly helical structure in 30% hexafluoroisopropanol (HFIP)
Prior studies of aS showed that TFE or HFIP at concentrations above 30% by volume lead to the formation of a highly helical state of aS that is protected from aggregation, 35, 36, 38 suggesting that these conditions produce a state corresponding to the extended-helix state observed for liposomebound aS. FA-water mixtures are quite viscous, and attempts to obtain high quality NMR spectra of aS in 30% TFE were not successful. As an alternative, we considered the FA HFIP, which has a somewhat lower viscosity than TFE. The CD spectrum of Cterminally truncated aS (residues 1-102, corresponding to the lipid-binding domain of aS and to exons 1-3 of the SNCA gene, hereafter referred to as aS103stop) in 30% HFIP was measured to assess the overall secondary structure content, and compared to a corresponding spectrum obtained for the SDS micelle bound state of the protein (Fig. 2) . The spectra indicate similarly high helical propensities in both conditions with characteristic double negative minima at 208 and 222 nm, and a positive maximum around 195 nm. The data suggest a slightly higher degree of helical propensity in 30% HFIP than in the presence of SDS micelles, as indicated by the greater signal intensities at 195, 208, and 222 nm, although difference is small and could also These observations suggest that the interruption in helical structure observed in this region for the micelle-bound state is absent in the conformation adopted by the protein in 30% HFIP, resulting in a long uninterrupted helical structure. In addition, other regions near to where the helical structure of micelle-bound aS has been noted to be more dynamic and less regular, 6,7,9 such as residues 28-36 and residues 62-66, feature somewhat higher secondary shifts in HFIP.
NOEs and coupling constants support formation of a single extended aS helix in 30% HFIP
In addition to chemical shifts, we examined short and medium range Nuclear Overhauser Effects (NOEs) as well as the vicinal coupling constant, 3 J HNHA for aS103stop in 30% HFIP, as summarized in Figure 5 . Since the distance between sequential amide protons is short in helical conformations and considerably longer in extended or strand structure, the NOEs between these nuclei are relatively stronger in helical conformations than in extended or strand structure. Strong NOEs between sequential amide protons are observed throughout the sequence of aS103stop in 30% HFIP and medium range NOEs, including NH-NH(i,i 1 2) and Ha-NH(i, i 1 3) are detected for most residues, consistent with a single uninterrupted helical stretch, as also indicated by the chemical shift analysis. Nevertheless, sequential amide proton NOE intensities were weaker for residues 41-45 and NH-NH(i,i 1 2) NOEs are largely missing in this area. Because these NOEs are typically weaker in more dynamic regions of polypeptides, this region, which forms the non-helical linker region in the micelle-bound state, likely retains some flexibility in 30% HFIP despite populating a helical structure. Vicinal coupling constants, 3 J HNHA are also useful for assessing the secondary structure of proteins. In helical structures, 3 10 -helix and beta-strand, respectively. 44 For less rigid polypeptides, the measured 3 J HNHAa coupling constant is a population weighted average over the distribution of angles sampled by a given conformational ensemble. 45 In such cases, 3 J HNHA constants less than 6 Hz suggest presence of helical structure. All measurable coupling constants for aS103stop in 30% HFIP are in the range of 4-6 Hz throughout the sequence except for F4 (6.12 Hz), T92 (6.6 Hz), V95 (6.7 Hz), K96 (6.5 Hz), D98 (6.4 Hz), L100 (7.1 Hz), and K102 (8.9 Hz), which further supports the presence of helical conformations throughout sequence, aside from fraying at the termini.
Paramagnetic relaxation enhancement confirms absence of the broken-helix conformation of aS in 30% HFIP
To investigate potential long-range proximity of the N-and C-termini of the lipid-binding domain of aS in HFIP, as is observed in the presence of SDS micelles, 9, 15 we examined the paramagnetic relaxation enhancement (PRE) of amide protons by nitroxide spin labels introduced into the protein at specific sites. The dipolar interactions between an unpaired electron in a nitroxide spin label and protons within ca. 20 Å of the label results in line broadening. Broadening can be assessed by comparing resonance intensities or linewidths for samples labeled with a paramagnetic spin label with those from diamagnetic samples in which the spin label is removed or reduced. Figure 6 shows the intensity ratios of HSQC cross-peaks for paramagnetic and diamagnetic aS103stop samples in 30% HFIP 
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compared with those observed previously in the presence of SDS micelles. 15 In SDS micelle-bound aS103stop, a spin label positioned at residue 83 or 93 causes broadening of resonances originating near the very N-terminus of the protein and a spin label positioned at residue 9 leads to broadening near the C-terminus of the membrane-binding domain, indicating the proximity of the beginning of the first helix to the end of the second helix. In contrast, in 30% HFIP no corresponding broadening of aS103 resonances originating from regions distant to the spin label site is observed for spin labels at the same three locations. In addition to spin labels placed near the termini of aS103, we also obtained data for a spin label attached at position 42, which is located right in the middle of the region that forms the non-helical linker between helices 1 and 2 in the broken helix state. The broadening profile observed for this labeling site in HFIP is narrower than that observed in the micelle-bound state, especially on the Nterminal side of the labeling site. This suggests that the structure of the protein in this region is less compact and more extended in HFIP than in the presence of micelles. Together, the PRE profiles further demonstrate that aS does not adopt brokenhelix conformation in 30% HFIP, and instead adopts a more highly extended conformation, consistent with indications for a single extended helix conformation from the chemical shift and NOE data.
Dynamics suggest fast motions and helix fraying at the termini and slow flexing motions in the middle of the aS extended helix in HFIP To determine whether the backbone dynamics of aS103stop in the presence of 30% HFIP shed any light on the conformations adopted by the protein, we performed measurements of backbone 15 47 indicating the presence of large amplitude NH bond vector motions on a sub-nanosecond timescale throughout the protein. The hNOE values show a gradual increase from the N-terminus up to residue 14, followed by a long plateau extending to residue 93 and ending with a dramatic decrease over the C-terminal 6 residues. In addition to the expected flexibility at the termini, regions showing slightly lower hNOE values include residues 31-40 and 66-68. These correlate somewhat with regions exhibiting some lower secondary chemical shifts (residues 31-36 and 65-68) and weaker sequential amide proton NOE intensities (residues 31-34 and 64-67), indicating small increases in mobility may accompany reduced helical propensity in these regions. The overall tumbling motion of a structured protein in solution is the major source of backbone NH Figure 6 . Paramagnetic Relaxation Enhancement for aS103stop in the presence of 30% HFIP (bar) and 40 mM SDS (red line) as previously reported. 15 The data points represent the intensity ratios for each resolved cross-peak in the 1 H-15 N HSQC spectra of nitroxide spin-labeled and reduced protein samples.
bond reorientation and therefore of relaxation. It has been shown that the overall isotropic diffusion tensor can be determined from the R 2 /R 1 ratio because the R 2 /R 1 ratio is independent of internal motion and is highly sensitive to overall diffusion. [48] [49] [50] In 30% HFIP, the R 2 /R 1 ratios of aS103stop exhibit a maximum near the center of the protein with gradually decreasing values moving toward both termini [ Fig. 7(D) ]. Variation in the R 2 / R 1 ratio can be caused either by anisotropic tumbling, under which the spin-relaxation properties of a given 15 N nucleus depend on the orientation of the NH bond within the protein (Tillett et al., 2007; Tjandra et al., 1995) or by the presence of slower motions associated with conformational or chemical exchange, which can make an additional contribution, R ex , to the transverse relaxation rate R 2 . Given the highly anisotropic nature of the extended helix structure implied by the chemical shift and NOE data for aSyn103stop in HFIP, the 15 N relaxation data were analyzed using a model free analysis 51 incorporating an anisotropic diffusion tensor, as implemented by the program TENSOR2. 52 An initial optimized isotropic correlation time of 9.16 ns, calculated from the R 2 /R 1 ratios after excluding residues with NOE values lower than 0.5 was used, together with initial estimates for a fully anisotropic diffusion tensor derived from a fully helical model for aS residues 1-94. 6 The resulting generalized order parameter S 2 , a measure of NH bond vector motion amplitudes on the picoseconds to nanoseconds timescale, the exchange broadening factors R ex, arising from conformational exchange contributions occurring on a slower timescale of micro-to milliseconds, and s e , the effective internal correlation time for fast of internal motions, are plotted as a function of residue number in Figure 8 . The S 2 values are around 0.8 for residues 16-85, and fall off toward either terminus, suggesting a well-ordered helical conformation at the center of the sequence with substantial fraying at the termini. Residues extending from the N-and C-termini to positions 35 and 65, respectively, require an internal correlation time to fit the data, suggesting they experience some degree of fast internal motion, which is greatest at the termini and falls off moving toward the center of the protein.
Residues 5 to 85 also required an exchange factor, R ex for a proper fit of the data, indicating some degree of chemical exchange processes on slower timescales. The R ex terms are greatest at the center of the protein, with values around 20/S, and fall off in either direction. It is likely that these terms reflects structural plasticity rather than exchange between discrete conformations, as previously described. 50 Together, these observations suggest that the long aS helix remains largely intact between residues 15 and 85, but may experience increasingly high frequency motions, suggestive of helix fraying, approaching the N and C-termini. Slower time scale motions are also present, and are maximal at the center of the helix. These may reflect slow flexing motions of the helix about its center, which might be expected for such an elongated structure.
Discussion
The interactions of aS with membranes, especially in the form of synaptic vesicles, are thought to be important for at least some of the normal functions of the protein and may also be important for aS aggregation and the pathogenesis of PD. 26, 27, 53 Although synthetic phospholipid vesicles can closely mimic the size, curvature, and to some extent the composition of synaptic vesicles, and may therefore represent the best partner for investigating the structure of membrane-bound aS, the application of high-resolution solution NMR to vesicle-bound synuclein is limited by the long correlation times of vesicles. Thus, high-resolution solution NMR studies of lipid-bound aS have largely been confined to micelles, where it was found that the N-terminal lipid-binding domain of aS adopts a helical conformation with a single break at residues 38-44, corresponding to the boundary between the first and second coding exons. 6, 7, 9 However, it was argued that the high degree of curvature at the surface of micelles might generate a non-physiological environment, which induces the break in the helical structure. Subsequent work using ESR and FRET distance measurements, as well as ESR spin label scanning indeed demonstrated that on the surface of vesicles, the lipid-binding domain of aS adopts a single extended helix. [17] [18] [19] [20] Nevertheless, other reports provided evidence that the broken-helix state could be populated even on lower curvature surfaces, [54] [55] [56] suggesting that the ability of aS to convert from the extended-helix to the broken-helix state may be 'built in' to the protein. A current limitation on our ability to assess the detailed structural properties of the extended-helix state has been our inability to obtain high-resolution data for this conformation of the protein.
Here we use high concentrations of the FA HFIP to populate a state of C-terminally truncated aS that is highly helical and resistant to aggregation, [35] [36] [37] [38] properties that are shared by the membrane-bound extended-helix state, yet is amenable to the application of high-resolution solutionstate NMR. Information on secondary structure for aS in 30% HFIP was derived from carbon chemical shift, coupling constant and NOE measurements. These parameters indicate that aside from at the very termini, helical structure is continuous throughout the lipid-binding domain of the protein in these conditions, confirming the formation of the extended-helix state. Chemical shifts in particular indicate an increased helicity in the in the region that forms the non-helical linker in the micelle-bound state, namely residues 38-44. This increase in helicity is also consistent with the slightly increased helicity indicated in the CD data in HFIP compared to SDS micelles. Coupling constants also indicate a continuous helical structure throughout the protein, except for some fraying at the termini. Long-range structure was also investigated using PRE data, which indicated that unlike the micelle-bound broken-helix state, the N-and C-terminal ends of the lipid-binding domain of aS do not come into detectable proximity in 30% HFIP. This is consistent with previous observations on the vesicle-bound extended-helix state, for which such distances have been shown to be quite long and to correspond to the distance expected for a continuous and highly extended helical structure. 17, 18 The dynamic properties of aS103stop in 30% HFIP also support a highly elongated structure, as the relaxation data are clearly inconsistent with an isotropic tumbling mode. Instead, the data can be modeled using a highly anisotropic rotational diffusion tensor. The resulting fits are consistent with a single long helix that undergoes some of degree of fraying at its termini, and experiences slower flexing motions near its center. Similar behavior has been reported previously for apolipoproteins, 50 which share sequence and structural features with aS. 6 Despite strong evidence that aS103stop in 30% HFIP populates an extended helix conformation, it is notable that relatively weak sequential amide proton NOEs are seen for residues 41-45 and that NH-NH(i,i 1 2) NOEs for positions 42-44, 44-46, 45-47 , and 46-48 and an Ha-NH(i,i 1 3) NOE for positions 42-45 are absent. These weak and absent short and medium range NOEs suggest the possibility of some intrinsic instability in the region that forms the linker in the broken helix state. This may be linked to the presence of residue Tyr39, which as the only aromatic residue present between positions 5 and 93 in the lipid-binding domain of aS stands out as the most unique feature in the protein's primary sequence in this region. 6 Indeed, recent studies of aS-membrane interactions using nanodiscs show a very sharp boundary precisely at this position, with more stable membrane-bound helical structure in the N-terminal direction and significantly less stable structure in the C-terminal direction. 30 Such a sharp boundary is not observed in studies using vesicles, 21, 29, 57 but this may be due to the much broader distribution of vesicle size, and hence membrane curvature, that is present in such assays. Since aS membrane binding is curvature sensitive, different binding curves corresponding to different vesicle sizes will be convolved together in such assays, potentially smearing out any sharp transitions. It is also notable that phosphorylation of Tyr39 by c-Abl kinase, thought to be a functional modification of aS, 58 enhances this transition from helical to non-helical structure. 59 Interestingly, PDassociated mutations may also alter the location of this transition, 28 and furthermore may influence the ability of aS to transition between the extended-and broken-helix states. 60 It will be interesting to examine the effects of PD mutations on the HFIP-stabilized extended-helix conformation of the protein.
In summary, high concentrations of FAs, and 30% HFIP in particular, are able to drive aS into a highly helical state extending from its N-terminus to the end of its lipid-binding domain. This state is distinct from the broken-helix micelle-bound conformation and instead shares properties with the vesiclebound extended helix state. Despite this difference, direct NMR measurements of this state suggest an intrinsic instability of the helical structure in the region that converts to a non-helical linker upon micelle binding. This result supports other observations indicating that the lability of this region of the protein is functionally important, and that structural states in which the region corresponding to helix-1 of the broken-helix state remain bound to vesicles, while regions C-terminal to this release from the vesicle membrane, possibly to bind to other membranes, may be both physiologically and pathologically relevant. 27, 28, 30, 53, 61 
Materials and Methods
Isotopically labeled proteins for NMR studies were produced from saturated overnight cultures used to inoculate M9 minimal media made with uniformly labeled 13 C-glucose and/or 15 N-ammonium chloride.
Cultures were grown at 378C to an A 600 nm of 0.5-0.6 at which point protein expression was induced with 1 mM IPTG. Cells were harvested by centrifugation 4 h post-induction. Proteins were purified using a previously reported protocol involving ionexchange and reverse-phase chromatography. 11 Cell lysates were ultracentrifuged at 50,000 rpm in a Beckman Ti 50.2 rotor and the pellet was discarded. For further purification of the supernatant, a streptomycin sulfate cut and two ammonium sulfate cuts were used and the final pellet was resuspended in lysis buffer, dialyzed against 25 mM Tris, 20 mM NaCl, 3 M urea, 1 mM EDTA, applied to a cation exchange CE and eluted with a NaCl gradient. Protein containing fractions were pooled and dialyzed against 5% (v/v) acetic acid in water. Dialyzed sample was purified on a C4 reverse phase HPLC column using an acetonitrile and trifluoroacetic acid solvent system and lyophilized for storage at 2208C. Proteins eluted as a single peak and were highly pure as judged by the appearance of a single band in SDS/PAGE gels, a single peak in analytical HPLC chromatograms, and a single spectrum in subsequent NMR experiments. Protein mass and isotope labeling were confirmed by mass spectrometry. Circular dichroism (CD) spectra were measured on an AVIV 62 DS spectrometer equipped with a sample temperature controller. Far-UV CD spectra were monitored from 190 to 260 nm using final protein concentrations of 1 mg/mL with a path length of 0.2 mm, response time of 1 s, and scan speed of 50 nm/min. Protein concentrations were measured by UV absorbance using an estimated extinction coefficient of 1280 M 21 cm 21 at 280 nm. Protein samples were prepared under buffer conditions identical with those used in NMR experiments. Spectra were collected at 508C. NMR measurements were performed on samples dissolved in 100 mM NaCl, 10 mM Na 2 HPO 4 , pH 7.4 in 90%/10% H 2 O/D 2 O (NMR buffer) as previously described for full-length or truncated aS 6, 21 and filtered to remove any particulates or undissolved materials using microcon centrifugal filter devices (Millipore). HFIP was added into NMR buffer to achieve final concentrations of 30% v/v. NMR spectra were acquired on a 600 MHz Varian Unity INOVA spectrometer at 508C. Pairs of HNCACB/CBCA-CONH and HNCACO/HNCO triple resonance experiments were collected to enable sequencespecific backbone and Cb resonance assignments for truncated aS in 30% HFIP. Secondary chemical shifts were calculated using the random coil shifts determined using hexapeptides in 1 M urea at pH 5.0. 39 We have found that the use of these random coil shifts yields the most self-consistent results for measurements under our conditions, as judged by fewer sporadic large secondary shifts, and a greater degree of contiguity within the data. 62 NOE measurements included NOESY-HSQC and HSQC-NOESY-HSQC experiments collected using 100 and 300 ms mixing times, respectively. 15 N-Edited HNHA spectra were collected to obtain 3 J HNHA vicinal coupling constant values, with coupling constants calculated using the ratio of Ha crosspeak intensities to diagonal resonance intensities. 63 A dephasing/rephrasing delay of 25 ms was used and no correction for selective Ha longitudinal relaxation rates was applied. Longitudinal (R 1 ) and transverse (R 2 ) relaxation rates for the backbone 15 To estimate noise levels, duplicate spectra were recorded for t 5 80, and 640 ms (R 1 ) and t 5 14.4, and 115.2 ms (R 2 ). R 2 data were measured using a pulse sequence employing a Carr Purcell Meiboom Gill pulse train with a 900 ls delay between p pulses. R 1 and R 2 relaxation rates were determined by fitting resonance heights as a function of the relaxation delay time using NMRview. 64 15 N- (  1 H) steady-state heteronuclear NOE (HNOE) data were obtained as the ratio of peak heights in paired spectra collected with and without proton saturation during the relaxation delay of 5 s. The experimental uncertainty was estimated using the standard deviation of four pairs of spectra. All NMR data were processed with NMRPipe 65 and analyzed using NMRView. 64 Modelfree analysis was performed with the program TENSOR2 52 assuming axial symmetric rotational diffusion and a helical model of aS (residue 1-94). 6 Site-directed mutagenesis was used to substitute selected residues with cysteine. The purified mutant proteins were labeled with 1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl-methanehiosulfonate (MTSL, Toronto Research Chemicals) as described 15 by adding a 10-fold excess of spin label to freshly prepared samples of protein. For paramagnetic control samples, 1 mM DTT was added to the MTSL spin-labeled sample to reduce the nitroxide spin label from the protein. 
